Introduction {#Sec1}
============

Hemophagocytic lymphohistiocytosis (HLH) is a rare clinical syndrome of excessive immune activation, characterized by signs and symptoms of extreme inflammation, driven mainly by interferon gamma (IFNγ) and other pro-inflammatory cytokines. Our understanding of HLH pathogenesis has significantly evolved in the past two decades. Though there are varied molecular etiologies, genetic HLH disorders most often develop due to either defective lymphocyte cytotoxicity or abnormal inflammasome activity. Defects in lymphocyte cytotoxicity due to perforin deficiency or degranulation defects lead to prolonged synapse times, increased production of inflammatory cytokines, and abnormal reciprocal activation of mononuclear phagocytes and cytotoxic NK cells and T cells. Activated mononuclear phagocytes promote hemophagocytosis and release of HLH biomarkers like ferritin, CXCL9, and IL-18BP. SAP deficiency uniquely impairs restimulation-induced cell death and, like CD27 and CD70 deficiency, prevents normal killing of EBV-infected B cells. The absence of XIAP permits pathogenic NLRP3 inflammasome activity and abnormal lymphocyte apoptosis, while activating mutations in NLRC4 drive pathologic NLRC4 inflammasome activity \[[@CR1]--[@CR6]\].

The current diagnostic criteria for HLH include either a genetic HLH diagnosis or five of the following eight clinical and/or laboratory criteria: fever, splenomegaly, cytopenias, hypertriglyceridemia and/or hypofibrinogenemia, hemophagocytosis, low or absent NK cell activity, elevated ferritin, and elevated sIL-2 receptor (sIL2R) (Table [1](#Tab1){ref-type="table"}) \[[@CR7]\]. The most commonly affected organs are the liver, spleen, central nervous system (CNS), and bone marrow. HLH is a syndrome with a variable clinical presentation, requiring comprehensive clinical evaluation to rule out other disorders and clinical syndromes, as clinical diagnostic criteria are not specific and there is considerable overlap with other conditions \[[@CR8]--[@CR11]\]. We present a group of patients referred to our center for the management of HLH, who also had a simultaneous presentation of clinically significant thrombotic microangiopathy (TMA). TMA is an increasingly recognized clinical syndrome that results from vascular endothelial injury and may occur in the setting of excessive inflammation such as that seen following a toxic injury (spider or snake bite, radiation, or chemotherapy), in highly inflammatory diseases like systemic lupus erythematosus (SLE), and after stem cell transplantation (TA-TMA) or solid organ transplant \[[@CR12]\]. TMA presents with a constellation of laboratory features and a specific pattern of organ injury \[[@CR13]\]. TMA diagnostic criteria include either a histologic diagnosis on tissue biopsy of microangiopathic changes or at least five of the seven laboratory and clinical markers listed in Table [1](#Tab1){ref-type="table"}. If not recognized, TMA can progress to multi-organ failure. Complement system dysregulation is a known pathogenic pathway leading to TMA, and complement blocking agents are used therapeutically with some success \[[@CR14]\]. However, other inflammatory pathways may contribute to the endothelial injury that initiate and sustain TMA, and can likely be targeted to improve clinical outcomes further \[[@CR15], [@CR16]\].Table 1Diagnostic criteria for HLH and TMAHemophagocytic lymphohistiocytosis (HLH)Thrombotic microangiopathy (TMA)A. Genetic HLH diagnosisA. Tissue diagnosisororB. Five of the eight criteria metB. Five of the seven criteria met1. Fever ≥ 38.5 °C1. LDH above normal value for age2. Splenomegaly2. Schistocytes on peripheral blood smear3. Cytopenias (affecting at least 2 cells lines) -*Hemoglobin \< 9 g/dL-Platelets \< 100 × 10*^*9*^*/L-Neutrophils \< 1 × 10*^*9*^*/L*3. De novo thrombocytopenia or require platelet transfusions4. Hypertriglyceridemia and/or hypofibrinogenemia (\< 150 mg/dL)4. De novo anemia or require RBC transfusions5. Hemophagocytosis5. Hypertension \> 99% for age (\< 18 years of age) or 140/90 (≥ 18 years of age) or receiving antihypertensive therapy6. Low or absent NK cell activity6. Proteinuria ≥ 30 mg/dL on random urinalysis ×2 or random urine protein creatinine ratio ≥ 2 mg/mg7. Elevated ferritin \> 500 ng/mL7. Terminal complement activation: elevated plasma sC5b-9 above normal limit of ≥ 244 ng/mL, or elevated above defined normal laboratory value8. Elevated sIL-2 receptor (sIL2R) \> 2400 U/mL or elevated above defined normal laboratory value*Note: 6 and 7 are high-risk TMA features*

Our observations suggest that co-activation of both interferon and complement pathways is important in the evolution of TMA and offers novel therapeutic approaches for these critically ill patients.

Methods {#Sec2}
=======

Study Subjects {#Sec3}
--------------

Consecutive patients of any age with hemophagocytic lymphohistiocytosis (HLH) refractory to first-line therapy who were treated at our institution from January 2012 through December 2018 were identified by retrospective chart review after Institutional Review Board (IRB) approval. All patients were prospectively screened for TMA as part of clinical care as previously described \[[@CR17]\]. Patient demographics, disease characteristics, HLH and TMA-targeted therapy, complications, intervention, and laboratory assessment were captured from the electronic medical record.

Diagnostic Testing {#Sec4}
------------------

HLH and TMA diagnoses were made prospectively using published diagnostic criteria (Table [1](#Tab1){ref-type="table"}) \[[@CR7], [@CR17]\]. Laboratory tests were performed as part of routine clinical care in a CLIA-certified laboratory. Routine institutional TMA monitoring included daily complete blood count (CBC) with attention to schistocytes; twice a week lactate dehydrogenase (LDH); and weekly haptoglobin, free plasma hemoglobin, and urinalysis with a random urine protein/creatinine ratio. For subjects \< 18 years of age, hypertension was defined as a blood pressure \> 99% for age, sex, and height \[[@CR18]\]. Hypertension for subjects ≥ 18 years of age was defined as a blood pressure ≥ 140/90 mmHg. The number of antihypertensive medications, not including diuretics, required to maintain the blood pressure below the targeted hypertension threshold (99th centile for age) were counted for each patient, and hypertension was classified as severe if management included \> 2 antihypertensive medications or a continuous antihypertensive medication infusion for \> 12 h.

Terminal complement activation was tested by measuring the level of sC5b-9 in blood and was checked in patients with elevated LDH and nephrotic range proteinuria (random urine protein/creatinine ratio ≥ 2 mg/mg). sC5b-9 was reported as elevated if the measurement in the blood was \> 244 ng/mL by enzyme immunoassay (EIA).

Patients with hematologic signs of TMA who had both nephrotic range proteinuria and complement activation as measured by elevated sC5b-9, or evidence of multi-organ injury syndrome (MODS), were classified as high-risk TMA and were offered therapy with the terminal complement blocker, eculizumab. Eculizumab dosing was based on drug pharmacokinetics and pharmacodynamics (PK/PD) as previously published \[[@CR17], [@CR19]\]. All patients on eculizumab therapy received antimicrobial prophylaxis against meningococcus until the drug was cleared after therapy completion and complement function was restored.

MODS was diagnosed when a patient had symptoms of HLH/TMA and dysfunction of two or more organ systems: renal failure requiring renal replacement therapy (RRT) or cystatin C glomerular filtration rate (GFR) \< 50 mL/min, invasive or non-invasive positive pressure ventilator support for \> 24 h, diagnosis of pulmonary hypertension (as determined by echocardiogram and cardiology consultation), serositis (pleural or pericardial effusions), severe hypertension requiring either ≥ 2 medications or continuous infusion of an antihypertensive for \> 12 h to maintain blood pressure \< 99% for age, CNS symptoms (seizures, bleeding, posterior reversible encephalopathy syndrome (PRES), or altered mental status), or gastrointestinal symptoms (ileus and/or bleeding) \[[@CR20]--[@CR24]\].

Results {#Sec5}
=======

Twenty-three patients with frontline therapy refractory HLH were treated at our institution during the study period. All patients met clinical HLH criteria, as listed in Table [1](#Tab1){ref-type="table"}. Twelve (52%) had confirmed genetic HLH, 4 (17.4%) had EBV-associated secondary HLH, and 7 (30.4%) met HLH clinical diagnostic criteria but did not have any identified genetic abnormality, nor EBV infection. Sixteen of 23 patients (70%) had CNS symptomatology such as altered mental status, encephalopathy, or seizures, and seven of these patients also had a documented CNS bleed, as well as radiographic evidence of posterior reversible encephalopathy syndrome (PRES). All patients were initially treated with etoposide and dexamethasone except for one patient who received cytarabine and methylprednisolone. All patients had either disease progression on therapy or had an HLH disease relapse after achieving brief remission with additional agents and high dose dexamethasone (≥ 10 mg/m^2^) (Supplemental Table [1A](#MOESM1){ref-type="media"}). Two patients had HLH relapse after allogenic HCT. Seventeen patients received emapalumab a monoclonal antibody directed against interferon gamma (IFNγ), as a targeted HLH therapy for refractory disease \[[@CR25]\]. Fourteen of them received emapalumab as part of the clinical study and three for compassionate use. All patients had active HLH signs including elevated sIL2R at the start of emapalumab.

Patients with HLH and TMA (*n* = 16) {#Sec6}
------------------------------------

All patients initiated prospective monitoring for thrombotic microangiopathy (TMA) as part of clinical care on arrival to our institution as listed in "[Methods](#Sec2){ref-type="sec"}" section. Sixteen of 23 patients (70%) met clinical and laboratory criteria for high-risk TMA in addition to their diagnosis of HLH, including elevated lactate dehydrogenase (LDH), presence of schistocytes in the blood, transfusion-dependent Coombs negative hemolytic anemia, transfusion-dependent thrombocytopenia, nephrotic range proteinuria, and severe hypertension. High-risk TMA features included nephrotic range proteinuria and complement activation (Table [1](#Tab1){ref-type="table"}) and/or multi-organ injury. Nine patients were tested for complement gene abnormalities using an institutional aHUS genetic susceptibility panel (*C3*, *CFB*, *CFH*, *CFHR1*, *CFHR3*, *CFHR5*, *CFI*, and *MLPA* analysis for *CHFR1/CHFR3* deletion). Six patients had at least one complement gene variant identified. Three subjects were heterozygous for *CFHR3-CFHR1* by multiple ligation-dependent probe amplification (MLPA) analysis that has been reported in heterozygous state in stem cell transplant recipients with TMA. One subject had *CFHR3* and *CFHR1* partial duplication, which is of uncertain clinical significance (VUCS). Three subjects had more than 1 gene variant identified, including a likely pathogenic variant in *CFI* (c.1246A\>C(p.I416L, het), CFI (c.1217G\>A(p.R406H),het) variant reported in macular degeneration and *CFHR5* (c.486_487insAA(p.E163fs) heterozygous for a frameshift mutation that has been associated with aHUS (Supplemental Table [1A](#MOESM1){ref-type="media"}, B).

Fourteen patients were tested for the evidence of terminal complement pathway activation by measuring blood sC5b-9 (or soluble membrane attack complex), and thirteen of them had elevated sC5b-9 level (sC5b-9 range was 262 to \> 1890 ng/mL, normal is \< 244 ng/mL). Thirteen patients had nephrotic range proteinuria (random urine protein/creatinine ratio \> 2 mg/mg). Fifteen patients had multi-organ dysfunction syndrome (MODS) with two or more organ systems involved, and 12 of them required intensive care support. Twelve patients required positive pressure ventilation for respiratory failure, and four of them had pulmonary hypertension. One patient required ECMO support who did not survive and was found on autopsy to have diffuse alveolar hemorrhage. This patient had CMV viremia that could be a possible trigger for inflammatory process. Eight patients had renal failure; seven received renal replacement therapy (RRT), and one patient's family elected not to proceed with RRT. Two patients had histologic evidence of TMA in kidney on autopsy (Supplemental Table [1A](#MOESM1){ref-type="media"}). Eight additional patients had a \> 50% decline in cystatin C GFR from their pre-transplant baseline. All patients with TMA had severe hypertension requiring more than two antihypertensive medications or a continuous antihypertensive medication infusion to maintain blood pressure below 99th percentile for age. Six had clinically significant serositis requiring pericardial or pleural drain placement. Eleven patients in this group had CNS symptoms such as seizure or encephalopathy attributed to HLH diagnosis, but six of these patients also had a documented CNS bleed clinically attributed to PRES (Table [2](#Tab2){ref-type="table"}).Table 2Demographic and disease characteristicsHLH with TMA 16/23 (70%)HLH without TMA 7/23 (30%)Median age in years (range)1.5 (0.4--23)1 (0.1--4)Female gender104Genetic HLH diagnosisNo genetic diagnosis/no other triggersEBV-HLH (no genetic diagnosis)763511TMA diagnosis (requires 5 of 7 criteria to be met)11/16 met 7 criteria1/7 met 4 criteria4/16 met 6 criteria2/7 met 3 criteria1/16 met 5 criteria4/7 met 2 criteriaOrgan injuryMulti-organ dysfunction syndrome (MODS)15/16 (94%)4/7 (57%)Hypertension, severe16/16 (100%)0/7 (0%)Nephrotic range proteinuria13/16 (81%)1/7 (14%)Elevated sC5b-9 (\> 244 ng/mL)13/14 (93%)0/4 (0%)Renal failure8/16 (50%)0 (0%)Renal replacement therapy7/16 (44%)0/7 (0%)Cystatin C GFR \< 50 mL/min13/16 (81%)2/6 (33%)Positive pressure ventilation12/16 (75%)4/7 (57%)Pulmonary hypertension4/15 (27%)1/7 (14%)Serositis requiring surgical interventions6/16 (38%)0 (0%)GI symptoms (bleeding, ileus)7/16 (44%)0/7 (0%)CNS symptoms (any)^a^11/16 (69%)5/7 (71%)CNS bleeding6/11 (55%)1/7 (14%)^b^PICU admission12/16 (75%)4/7 (57%)Death6/16 (37.5%)3/7 (43%)Additional information is listed in Supplemental Table 1^a^Clinically attributed to HLH diagnosis^b^Perinatal intraventricular hemorrhage (IVH)

Ten of 16 patients in the HLH plus TMA group received complement blockade with eculizumab as a targeted therapy for thrombotic microangiopathy using personalized PK/PD dosing (Fig. [1](#Fig1){ref-type="fig"}). All of these patients had documented activation of terminal complement (elevated sC5b9). Four of these 10 treated patients received eculizumab together with primary HLH therapy with corticosteroid with or without etoposide. None of these four patients proceeded to HSCT, and two died with active TMA. The other six patients received eculizumab after starting treatment with the IFNγ blocker emapalumab for refractory HLH. One patient started eculizumab 8 days after initiation of emapalumab and had resolution of TMA. The patient did not proceed to HCST due to a lack of suitable donor and is alive and well for more than 3 years after therapy. The other five patients in this group who proceeded to HSCT after HLH-targeted therapy had active TMA at the start of hematopoietic stem cell transplantation (HSCT). They continued complement blockade with eculizumab during HSCT with successful resolution of their TMA. All patients were alive, with only one developing liver GVHD after HSCT. The median number of eculizumab doses given to patients with TMA was 9 (range 2--11). The median time to complete TMA resolution and organ function recovery was 16 weeks (9--21 weeks). Eculizumab therapy was well tolerated without any adverse events in this cohort.Fig. 1Outcomes of patients with HLH based on treatment received

Six patients with HLH and TMA did not receive eculizumab (Fig. [1](#Fig1){ref-type="fig"}). One patient had resolution of TMA with plasma exchange therapy before eculizumab was available and successfully underwent allogeneic HSCT. In two other patients, TMA resolved with emapalumab given for HLH. Of these two, one patient's family opted not to proceed to HSCT and one patient subsequently underwent HSCT. Two patients died shortly after transfer to our institution with both HLH and TMA after initiation of emapalumab, but prior to HSCT. One patient died prior to the use of either eculizumab or emapalumab.

Patients With HLH and Without TMA (*n* = 7) {#Sec7}
-------------------------------------------

Seven of 23 patients (30%) with HLH did not meet criteria for TMA and did not have evidence of complement activation in the blood (Fig. [1](#Fig1){ref-type="fig"}). Four of these seven patients required intensive care admission for respiratory support, mostly due to CNS symptoms such as status epilepticus. Five patients developed CNS symptoms, all attributed to HLH. One patient who was diagnosed with HLH 3 days after birth had evidence of a perinatal intraventricular bleed (IVH). None of the patients without TMA required renal replacement therapy, and none had severe hypertension. MODS was present in four of these patients.

Discussion {#Sec8}
==========

We observed a high incidence of clinically significant complement-mediated thrombotic microangiopathy (TMA) associated with multi-organ injury in children and young adults with a diagnosis of HLH. TMA has not been previously associated with interferon gamma-driven diseases like HLH \[[@CR26]\], but TMA has been reported as an iatrogenic therapy-limiting side effect in patients receiving interferon alpha and beta therapy \[[@CR27]--[@CR31]\]. We hypothesized that high levels of interferon gamma in HLH might contribute directly to endothelial damage or injure endothelium through complement system activation. Our previous gene expression analysis in autologous stem cell recipients showed upregulation of interferon-responsive complement genes at the onset of TA-TMA that resolved after therapy with complement blocking agent eculizumab \[[@CR32]\]. High levels of IFNγ promote the formation of neutrophil extracellular traps (NETs), leading to complement activation via complement factor P (CFP) \[[@CR33]\]. Terminal complement activation resulting in vascular endothelial injury is one of the important pathogenic pathways leading to high-risk TMA with multi-organ dysfunction syndrome. Uncontrolled terminal complement activation can maintain IFNγ secretion via intracellular C5a receptor production resulting in a cycle of continuing tissue injury \[[@CR34]\]. Vascular endothelium injured by terminal complement can secrete interferons in addition to the robust production of IFNγ by activated T cells, NK cells, and macrophages in patients with immune over-activation syndromes like HLH. While both interferons and complement are essential components of our immune response, over-activation of these pathways results in organ injury as "collateral damage" during high inflammatory states as seen in HLH and TMA.

In our prior prospective study examining complement genes in HSCT, we observed a significant association between TMA severity and outcomes in HLH patients undergoing HSCT who had complement gene variants identified. In this study, complement gene variants were more common in HLH subjects with TMA then those without TMA (7/9, 78% vs 0/8, 0%, *p* = 0.0023). The median number of complement variants detected in these 7 HSCT recipients with HLH was 2 (range 1--5), and all patients with complement variants identified had severe TMA and multi-organ injury with an elevated blood sC5b-9 level indicating terminal complement over-activation. Transplant-related mortality was also significantly higher in HLH patients with TMA with six patients of the 9 patients dying from TMA-associated complications, while all HLH patients without TMA survived after transplant (6/9 67% vs 0/8, 0%, *p* = 0.09) \[[@CR35]\]. Based on this prior observation, it is possible that patients with HLH who have complement gene variants in addition to the genetic defects of their primary disease may be more prone to rapid complement activation during active HLH, and may have more severe organ damage resulting from both interferon and complement co-injury of endothelial cells. Prompt control of over-activation of the interferon and complement systems is likely needed for successful resolution of both clinical conditions, HLH and TMA. Our study was limited by small sample size, so we were unable to perform any statistical analysis confirming benefit of eculizumab therapy in subjects with TMA. However, all patients with HLH and TMA who received the complement blocker eculizumab with the IFNγ blocker emapalumab recovered and are doing well, supporting further investigation of this approach. Such targeted therapies can only be successfully applied if these co-existent hyperinflammatory conditions are appropriately recognized.

HLH often presents with liver failure and a hyperinflammatory syndrome mimicking sepsis that can ultimately lead to MODS due to coagulopathy, hypotension, and capillary leak. However, HLH rarely causes direct renal and pulmonary failure, or gastrointestinal bleeding in the absence of sepsis \[[@CR36]\]. HLH commonly causes neutropenia, but the white blood cell counts are rarely affected in TMA. Patients presenting with a diagnosis of HLH and MODS (in particular renal failure, pulmonary failure, and uncontrolled hypertension that is more severe than expected with dexamethasone use) should be evaluated for co-existing TMA. These patients can benefit from evaluation for terminal complement activation by measuring sC5b-9 blood levels in addition to routine hematologic and renal TMA markers and organ function assessment (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2TMA evaluation schema for patients with clinical diagnosis of HLH

In our patient cohort, ventilator support in patients who had HLH but not TMA was generally required because of CNS symptoms, while patients with TMA were more likely to have respiratory failure due to cardiorespiratory pathology, often pulmonary hypertension. HLH patients with hypoxemic acute respiratory failure should undergo diagnostic evaluation for pulmonary hypertension, a known presentation of TMA \[[@CR21]\].

In our cohort of patients, renal failure associated with severe hypertension was exclusively seen in patients with HLH and TMA. While hypertension in a patient with HLH can be due to the use of dexamethasone, severe hypertension requiring multiple medications or a continuous infusion of antihypertensive medication should trigger evaluation for TMA. In contrast, the hyperinflammatory state seen in patients with HLH without TMA usually mimics sepsis and is more likely to present with hypotension. Nephrotic range proteinuria measured by random urine protein/creatinine ratio of ≥ 2 mg/mg in addition to severe hypertension should also prompt consideration of TMA in the differential diagnosis of patients with HLH and renal insufficiency. Patients with HLH are more likely to have fluid overload from liver failure leading to hepato-renal syndrome, whereas TMA primarily affects the renal vasculature resulting in direct kidney injury requiring renal replacement therapy, especially associated with hypertension.

CNS involvement in HLH is quite common at clinical presentation, and CNS bleeding can also occur, especially in thrombocytopenic patients with coagulopathy. CNS injury in HLH and TMA can be similar in clinical presentation, but certain features help distinguish CNS HLH, such as CSF pleocytosis, elevated CSF protein, and neopterin, along with radiologic abnormalities such as meningeal enhancement, polymorphic white matter changes, often with non-specific periventricular distribution. CNS injury in TMA most commonly occurs due to uncontrolled hypertension resulting in altered mental status, PRES, seizures, and/or CNS bleeding \[[@CR37]\].

Intestinal bleeding has been reported in patients with HLH, but is not common, while TMA is known to cause bowel injury quite often resulting in severe abdominal pain and bleeding, as was seen in our study population \[[@CR24], [@CR38]\]. If available, histologic tissue evaluation for TMA should be considered in patients with HLH and GI bleeding. Patients with clinically significant intestinal bleeding may require higher doses of therapeutic monoclonal antibodies due to increased drug clearance \[[@CR22]\].

Our clinical observations suggest that HLH patients co-presenting with complement-mediated TMA often suffer multi-organ injury and likely can benefit from a brief course of therapy with the complement blocking agent eculizumab while receiving therapy for HLH. Co-administration of both an interferon blocker and a complement blocker targeting both pathways in TMA might provide faster control. While complement activation in our patients with HLH and TMA was quite prominent, so PK/PD-based eculizumab dosing should be considered as drug clearance can be rapid, especially during a high inflammatory state. Based on our data, we anticipate that a brief course of eculizumab should be sufficient to control complement over-activation while HLH treatment is ongoing. Our patients with HLH and TMA received a median of six doses of eculizumab. Some of our patients started eculizumab late in disease presentation with severe organ injury and were not able to recover. Those who survived were able to discontinue eculizumab without recurrence of TMA successfully. Six patients who received both drugs, an interferon gamma blocker and a complement blocker, resolved both HLH and TMA, and are alive and well.

Our study is limited by retrospective review of the data but provides preliminary insights into additional pathogenetic pathways of TMA that could be monitored and targeted, and brings awareness of the co-existence of HLH and TMA, especially in patients with multi-organ injury. While both HLH and TMA can have overlapping clinical presentation, they also have some distinctive clinical features and organ injury patterns that can be recognized using prospective monitoring (Table [3](#Tab3){ref-type="table"}). Emerging new therapies like chimeric antigen receptor T cells (CART) cause cytokine release syndrome (CRS) due to high IFNγ production, and disorders like systemic lupus erythematosus and Dego's syndrome present with high IFNα along with complement activation. The resolution of TMA without TMA-directed therapy has been observed in mild to moderate cases of TMA triggered by infection or engraftment after HSCT. However, severe TMA, especially presenting with significant complement activation, leads to high mortality due to multi-organ failure. Early institution of complement blocking therapy along with treatment of the primary disease may improve clinical outcomes in these patients.Table 3Organ injury at disease presentationOrganHemophagocytic lymphohistiocytosis (HLH)Thrombotic microangiopthy (TMA)LiverTransaminitis, coagulopathy, liver failureTransaminitis, no coagulopathyCNSSeizures, encephalophagy due to CNS-HLH. Meningeal enhancement, polymorphic white matter changes on MRI. Elevated CSF protein and neopterin.Mental status changes. Seizures often associated with hypertension. Evidence of PRES on brain MRI. CNS bleed in non-coagulopathic patient.KidneyPrimary injury is not common: secondary AKI due to medications, capillary leak, hypotensionAKI, nephrotic range proteinuria, renal failure, severe hypertension.HeartPrimary injury is not common, serositis due to third spacing, liver failureRight heart failure as a result of pulmonary hypertension due to pulmonary TMA. Pericardial effusionVascular systemHypotension mimicking sepsis due to capillary leakHypertension more severe that can be attributed to dexamethasone useLungsPrimary injury is not common, respiratory failure often related to CNS symptomatology (airway protection), or capillary leak ("wet lungs")Hypoxemia often with clear lungs.Pulmonary hypertension, interstitial pulmonary bleeding leading to ARDSGIPrimary injury is not commonIntestinal bleeding due to ischemic colitisHemato-poieticNeutropenia, anemia, thrombocytopeniaAnemia, thrombocytopenia, schistocytosis*AKI* acute kidney injury, *PRES* posterior reversable encephalopathy syndrome, *ARDS* acute respiratory distress syndrome

Conclusions {#Sec9}
===========

Our observations suggest co-activation of both interferon and complement pathways as a potential culprit in the evolution of thrombotic microangiopathy in patients with inflammatory disorders like HLH and may offer novel therapeutic approaches for these critically ill patients. TMA should be considered in children with HLH and multi-organ failure, as an early institution of a brief course of complement blocking therapy in addition to HLH-targeted therapy may improve clinical outcomes in these patients.
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